Objectives: To study the magnitude of differences in tumour unidimensional (1D), bidimensional (2D) and volumetric (VOL) measurements determined from computed tomography (CT) images reconstructed at 5, 2.5 and 1.25 mm slice intervals. Materials and Methods: A total of 118 lesions in lung, liver and lymph nodes were selected from 30 patients enrolled in early phase clinical trials. Each CT scan was reconstructed at 5, 2.5 and 1.25 mm slice intervals during the image acquisition. Lesions were semi-automatically segmented on each interval image series and supervised by a radiologist. 1D, 2D and VOL were computed based on the final segmentation results. Average measurement differences across different slice intervals were obtained using linear mixed-effects analysis of variance models. Results: Lesion diameters ranged from 6.1 to 80.1 mm (median 18.4 mm). The largest difference was seen between 1.25 and 5 mm (mean difference of 7.6% for 1D [P50.0001], 13.1% for 2D [P50.0001], À5.7% for VOL [P ¼ 0.0001]). Mean differences between 1.25 and 2.5 mm were all within AE3.5% (within AE6% confidence interval). For VOL, there was a larger average difference between measurements on different slice intervals for the smaller lesions (510 mm) compared with the larger lesions. Conclusions: Different slice intervals may give different 1D, 2D and VOL measurements. In clinical practice, it would be prudent to use the same slice interval for consecutive measurements.
Introduction
Tumour diameter as measured on longitudinal computed tomography (CT) images is commonly used in oncology clinical trials and clinical practice to assess therapy response [13] . Over the past 3 decades, CT technology and computer hardware/software have improved significantly. With todays sub-millimetre isotropic spatial resolutions of CT images, plus advanced image analysis algorithms, accurate measurement of tumour volume is feasible. The advantages of volumetric CT over traditional diameter methods in the assessment of tumour response to therapy are currently under intensive investigation [4, 5] . Tumour measurement can be affected by many factors arising from both the imaging acquisition and analysis procedures. Variability in tumour volumetric (VOL) measurements due to CT scanner, dose, slice interval and segmentation algorithms has previously been studied mainly using pulmonary nodules detected in CT lung cancer screening programs and in routine clinical practice for the purpose of non-invasive followup/diagnosis [69] . However, in those clinical settings, nodules were normally small (average approximately 10 mm) and the recommended image spatial resolutions were high ( 1 mm in the z-axial direction). The findings thus may not be applicable to the clinical trial setting where solid tumours are often large in size (average approximately 3040 mm) and can originate from, and spread to, any organ, especially the lungs, liver and lymph nodes.
When designing a clinical trial that incorporates volumetric CT for an investigational study of tumour response assessment, the first question is whether a slice interval of 5 mm, the most widely used imaging parameter in current cancer clinical trials and clinical practice, is appropriate for measuring tumour VOL. Although a few studies in lung cancer have reported the use of thinner slice intervals such as 2.5 mm or 1.25 mm (the potential slice intervals in future cancer clinical trials and clinical practice) when investigating the value of the volumetric response assessment [1012] , the magnitude of the difference in the VOL (as well as one-dimensional [1D] and two-dimensional [2D]) measurements of solid tumours across these different slice intervals has yet to be reported.
Understanding the magnitude of such differences is of vital importance, as it would help guide the design of the most appropriate CT imaging protocols for clinical trials and clinical care and improve the accuracy of interpreting tumour response to therapy. This is particularly important for phase I and II clinical trials in which a small number of patients are recruited, often from multiple centres. The small patient number and almost unavoidable differences in imaging equipment and acquisition/reconstruction techniques can make tumour measurement unreliable (noisy). Utilizing standardized imaging acquisition protocols and more accurate measurement metrics to quantify tumour changes is expected to lower measurement variability and thus require fewer number of patients, reduce trial duration and save costs for new drug development. The purpose of this study was to explore the differences in computer-aided 1D, 2D and VOL measurements of solid tumours found in lung, liver and lymph nodes (the 3 most metastatic sites of cancers) across the slice intervals of 5, 2.5 and 1.25 mm.
Materials and methods

Imaging data
The image data were collected from a prospective exploratory study utilizing CT scan data acquired as per protocol for tumour assessment in several phase I and II cancer clinical trials testing systemic agents at a single cancer centre. Both the clinical trials and the standalone protocol of this study requiring CT images reconstructed at additional slice intervals were approved by the institutional review board.
The study used routine clinically acquired, contrastenhanced, diagnostic multidetector row CT (MDCT) scans (LightSpeed 16 or 64 detector row VCT; GE Healthcare, Milwaukee, WI) with a slice collimation of 5 mm. During the data acquisition, images were reconstructed at a 5 mm slice interval using the standard reconstruction algorithm as per the defined clinical trial protocols. For the purposes of this study, data were also reconstructed at 2.5 mm and 1.25 mm slice intervals using the standard reconstruction algorithm. All CT images were transferred electronically from the CT consoles to a research server where patient identification information was removed. Following removal of patient identification information, the images were retrieved from the research workstations for further image analysis and tumour measurement.
Target lesion selection
In all, 118 lesions from 30 patients enrolled in these clinical trials were selected by a radiologist (L.H.S) according to RECIST 1.0 for the target lesion selection. The number of lesions per patient ranged from 1 to 10 (median 3.5), with a maximum of 5 lesions per organ (lung, liver and lymph nodes). Lesions were selected based on the measurability and reproducibility criteria, as described by RECIST [2] . Among the 118 lesions, there were 39 lung nodules, 39 liver metastases and 40 lymph nodes. Primary and metastatic tumours in the lung, liver and lymph nodes were chosen because these are the 3 most common sites of cancer metastases. Although a longest diameter of 10 mm on baseline scan is the smallest size meeting the criteria for target lesions according to RECIST 1.0, some responsive lesions may become smaller than 10 mm at follow-up scan time points. For this reason, the inclusion of a small proportion (19) of the lesions less than 10 mm in their longest diameter was permitted. Of these 19 lesions, 8 were lung, 7 liver and 4 lymph node nodules. The size of a lesion was determined by the average 1D size measured at the 3 slice intervals using the methods described in the following section. Table 1 shows the number of lesions according to anatomic site and size groups.
Computer-aided measurements
All lesions were automatically segmented by an operator (Y.T.) using in-house computer algorithms developed for lung, liver and lymph node lesions. The algorithms were mainly based on the marker-controlled watershed segmentation, followed by the boundary smoothing techniques [13] . The computer-generated lesion contours were then overlaid on the original images for review by an experienced radiologist (P.G. who has more than 20 years experience in interpreting radiographic images).
The radiologist reviewed and, if necessary, used the computer mouse to adjust the boundaries of all lesions on the images at each given slice interval before proceeding to the next slice interval, starting from 5 mm images, followed by the 2.5 mm images and then the 1.25 mm images. In this way, the finer structures potentially depicted on the thinner slice images could not contribute to decisions made at a coarser scale. The time interval between working on any 2 different slice images was more than 1 week to reduce memory effects.
Appropriate window/level settings of lung (1500/À500), liver (150/90) and chest/abdomen (340/60) were used for reviewing and editing each type of lesion, respectively. The final results were called computer-aided measurements (CAM).
Based on the final result of a segmented lesion, VOL, 1D and 2D measurements could be calculated automatically by computer. Lesion VOL was calculated by multiplying the number of segmented lesion voxels by the VOL of a voxel (¼ spacing in the x-axis multiplied by spacing in the y-axis multiplied by the slice interval). On each slice, the line (diameter) that had the maximum distance between any 2 pixels on the lesion contour and was completely inside the lesion was selected and the 1D measurement was taken as the largest in-slice diameter across all tumour slices. The maximum perpendicular diameter is a line perpendicular to the maximum diameter with the longest length inside the lesion. The 2D measurement of a tumour was the product of the maximum diameter and the maximum perpendicular diameter.
Statistical analysis
Linear mixed-effects analysis of variance (ANOVA) models [14] were used to assess the effect of CT slice intervals (5, 2.5 and 1.25 mm) on metastatic tumour measurements calculated with 1D, 2D and VOL methods. Analyses were performed with SAS software (version 8.1; SAS Institute, Cary, NC, USA).
For each measurement method (1D, 2D and VOL), a linear mixed-effects model was fitted to the natural logarithm of the tumour measurement. Data were analyzed on the logarithmic scale to satisfy the assumptions of the linear mixed-effects model. Patient and nodule (intrapatient) were included as random effects in the ANOVA model (to account for the correlated nature of the data due to multiple measurements from each patient and lesion, respectively) and the slice interval was included as a fixed effect. Comparisons were performed to provide the least squares mean (LSM) estimates and corresponding 95% confidence intervals (CI) for the pairwise comparisons of the tumour measurements on different slice intervals (1.25, 2.5 and 5 mm). These point and interval estimates were exponentially back transformed to provide estimates of the percentage relative difference.
For each measurement method, the average percentage difference between slice interval 1 versus slice interval 2 was defined as: (Geometric LSM [measurement at slice interval 1/measurement at slice interval 2]À1) Â 100%.
In addition to the analyses of all the 118 lesions measured, the above analyses were repeated, stratified by size group (510 mm versus !10 mm) and by site of metastasis (liver, lung or lymph node). The size of each lesion was determined by the average 1D measurement made across the 3 slice intervals.
Linear mixed-effects models were also fitted to the logarithm of the tumour burden for each patient, rather than the individual tumour measurements. The tumour burden was calculated for each patient as the sum of the measurements of their individual lesions. Patient was included as a random effect in the ANOVA model and slice interval was included as a fixed effect. Comparisons were made as described above for the analyses of the individual lesions.
The agreement between individual tumour measurements made using different slice intervals (analyses at both the lesion and patient level) was assessed using the statistical techniques of Bland and Altman [15] . The difference between the 2 measurements (1.25 versus 2.5 mm; 1.25 versus 5 mm or 2.5 versus 5 mm) was plotted against the mean of the measurements and a reference range (i.e. limits of agreement) of d AE 1.96 s, where d is the mean difference between the 2 measurements and s is the standard deviation of the difference between the 2 measurements. The reference range was obtained using log transformed measurements and back transformed to give limits for the percentage relative difference of the actual measurements.
Results
Computer-aided 2 maximal diameters and same-plane lesion contours superimposed on 1.25 mm, 2.5 mm and 5 mm slice interval images for examples of lesions in liver, lung and lymph nodes are given in Fig. 1 . There were statistically significant differences between measurements (1D, 2D and VOL) made on CT images reconstructed at different slice intervals. However, average percentage relative differences were relatively small and all within AE10% (except for the 2D measurements made between 1.25 mm and 5 mm slice images) ( Table 2) . Across all 3 types of measurement, the largest average difference was seen between 1.25 and 5 mm, with a mean percentage difference (95% CI) of 7.6% (6.3%, 9.0%; P50.0001); 13.1% (10.0%, 16.3%; P50.0001) and À5.7% (À8.4%, À2.9%; P ¼ 0.0001) for 1D, 2D and VOL, respectively. For 1D and 2D measurements, the smallest bias was between 1.25 and 2.5 mm, with a mean difference (95% CI) of 2.2% (0.9%, 3.4%; P ¼ 0.0009) and 3.1% (0.3%, 6.0%; P ¼ 0.0311), respectively. For VOL measurements, the smallest mean difference was between 2.5 mm and 5 mm, with a mean difference (95% CI) of À2.5% (À5.3%, 0.5%; P ¼ 0.0969). For VOL measurements, there was a bias towards larger measurements with a thicker slice interval (Table 2) . For 1D and 2D measurements, there was a bias towards larger measurements with a smaller slice interval (Table 2 ). To understand how lesion size would affect the differences in measurements caused by the 3 slice intervals, the lesions were split into 2 subgroups based on a threshold of 10 mm (using the average 1D measurement across 3 slice intervals). Table 3 shows that for VOL measurements, there was a much larger mean difference between the measurements made on different slice intervals for the small lesions compared with the larger lesions. As expected, the largest difference was found between 1.25 mm and 5 mm with a mean difference (95% CI) of À20.0% (À30.3%, À8.2%; P ¼ 0.0023) and À2.7% (À4.8%, À0.5%; P ¼ 0.0145) for small and large lesion VOL, respectively. There were differences in the observed bias between 1D and 2D measurements made on small and large lesions, but this was not consistently larger for either small or large lesion groups. The small lesions had similar low mean percent differences compared with those of the larger lesions between 1.25 mm and 2.5 mm for 1D and 2D measurements. Table 4 shows measurement differences between different slice intervals when analyzed by site of metastasis.
For the VOL measurement, the lung lesions showed the largest mean differences between the thinner (1.25 mm and 2.5 mm) and the thicker (5 mm) slice intervals compared with liver and lymph node metastases. This may have been due to the high contrast between the densities of the lung lesions and surrounding parenchyma, resulting in more partial volume artefacts on thicker than on thinner slice interval images. The lymph node metastases showed the smallest mean differences in VOL measurements across the 3 slice intervals (apart from a similar mean difference between 2.5 mm and 5 mm for the liver metastases). This may have been because the greatest extent of a lymph node metastasis is normally towards the z-direction, possibly reducing the effect of the slice interval on the VOL measurement. The liver lesions showed the largest differences in VOL measurements between 1.25 mm and 2.5 mm compared with the lymph node metastases and lung lesions. This may have been due to the high noise level of the abdominal images reconstructed at the 1.25 mm slice interval. Possibly for the same reason, liver lesions showed the largest mean differences across all slice interval images for 1D and 2D measurements (apart from the 1D measurements between 2.5 mm and 5 mm). Each patients tumour level data were summarized to provide a measure of tumour burden for 30 patients measured on 3 different slice intervals (Table 5) . Mean percentage differences at the tumour burden (patient) level (Table 5) were smaller for all measurement types when compared with those from the tumour level analysis ( Table 2 ). The largest average differences were between 1.25 mm and 5 mm slice intervals, while the smallest average differences were between 1.25 mm and 2.5 mm for all measurements.
BlandAltman plots were used to examine the agreement between measurements on different slice intervals (Fig. 2) . The plots show the greater agreement between measurements made on different slice interval images for larger lesions compared with the smaller lesions for VOL measurements. Across all 3 measurements (1D, 2D and VOL), there was most agreement between measurements made on 1.25 mm and 2.5 mm slice intervals, and least agreement between measurements made on 1.25 mm and 5 mm slice intervals ( Table 2) .
Discussion
To date, only a few studies have attempted to address the effects of the CT slice interval on tumour VOL measurements for the purpose of therapy response assessment [12, 16] . This may be, in part, due to the lack of automated/semi-automated segmentation algorithms that can efficiently and accurately assist the measurement of lesion VOL. With the help of an elliptical approximation and a perimeter method, Winer-Muram et al. [16] measured the VOL of both phantom and lung lesions (1338 mm) acquired on different slice intervals (210 mm). They proposed 2 different partial volume compensatory equations, based on the phantom data, for tumour VOL measured on different slice intervals, one for each of the 2 methods. The reported results, however, were controversial. Although smaller differences between tumour VOL obtained on thick and thin section images were observed in most of the lesions, the differences increased for approximately one-quarter to one-third of the lesions segmented with the different methods [16] . Zhao et al. [12] published a result reporting the effect of the slice interval on 1D, 2D and VOL measurements of lung metastasis. However, due to the technical limitations of the CT scanners (up to 4 detector row) at the time their study was conducted, without changing the then standard clinical imaging protocol of 7.5 mm slice collimation, they were only able to reconstruct the slice intervals down to 5 mm and 3.75 mm. They found that there was a significant difference in VOL measurements as slice intervals decreased from 7.5 to 5 mm and from 7.5 to 3.75 mm. But there were no significant differences between 5 mm and 7.5 mm for 1D, 2D and area measurements. This finding supported a smooth transition of the CT slice interval from 7.5 mm to 5 mm, the current standard, for assessing unidimensional and bidimensional measurements.
In the present study, we analyzed lesions not only in lungs, but also in liver and lymph nodes, as these are the 3 most frequent sites where tumours originate and spread. To study the effects of the slice interval on the lesion size measurements, we chose the 3 slice intervals of 5 mm, 2.5 mm and 1.25 mm, which are either commonly used in todays clinical practice and clinical trials (e.g. 5 mm) or likely cover the range of slice intervals that may be used in the future (e.g. 2.5 mm and 1.25 mm). This study found that the impact of slice interval was relatively small, although there were differences in the 3 measurements across the slice intervals. For all measurements, the largest biases were seen between 1.25 mm and 5 mm, whereas the smallest average differences were seen between 1.25 mm and 2.5 mm (except for the VOL, a slightly smaller average difference was found between 2.5 mm and 5 mm). The particularly small mean differences between 1.25 mm and 2.5 mm slice intervals for all 3 measurements (all within AE3.5%) indicate that 1.25 mm and 2.5 mm slice intervals may be interchangeable in the measurement of lesion size.
Our data also showed that tumour VOL measurements were biased towards larger results with a thicker slice interval. This confirmed previous findings reported for both large lung lesions [12, 16] and small lung nodules [8, 9] . The reasons may be due to more obvious partial volume effects at thicker than at thinner slice intervals and because the computer-aided methods appeared to favour the incorporation of less dense areas on the top and bottom slices of a lesion (likely caused by the partial volume artefact) into the lesion VOL. For 1D and 2D measurements, however, there was a bias towards larger measurements with a thinner slice interval. This may be because there are more sampling slices along the z-axial direction for a thinner slice reconstruction. As a result, a larger in-plane extent (diameter) of the lesion has a higher likelihood of being captured by one of the thinner slices. Such trends were also noticed in Zhao et al.s [12] previous work, between 3.75 mm and 5 mm, and between 3.75 mm and 7.5 mm slice intervals.
We analyzed the effects of the slice intervals on the tumour measurements by lesion size, categorizing the lesions as either small (510 mm) or large (!10 mm). Table 2 ).
The mean differences in the lesion VOL between the different slice intervals were considerably larger in the small lesion group compared with those in the large lesion group. For 1D and 2D measurements, the mean differences across the 3 slice intervals remained almost unchanged, apart from 2D measurements in the small lesion group. Larger biases for 2D measurements in the small lesion group indicate that the slice interval of 5 mm may not be suitable for 2D measurements for lesions smaller than 10 mm.
The effects of the slice intervals on the tumour measurements by lesion type were also analyzed. The above observations were largely true for lung, liver and lymph nodes and therefore can be considered an artefact of data acquisition (slice interval) rather than tumour type/location or segmentation algorithm.
The mean percentage differences in tumour burden (i.e. patient level) measurements on different slice intervals were also analyzed and found to be consistently smaller when compared with those at the individual tumour level. One explanation for the VOL measurements, at least, could be that the larger biases were generally found for the smaller lesions, which had less influence on the average differences at the tumour burden level.
There were several limitations in this study. When comparing lesion measurements between longitudinal CT scan images reconstructed with inconsistent slice intervals, there are other variables associated with the re-scan, e.g. patient reposition and organ movement. However, it was not possible to consider these variables in this study because the 3 slice intervals were reconstructed from the same scan. The true VOL of the lesions were unknown, therefore we were unable to investigate which slice interval would produce the most accurate and reproducible VOL measurement. The measurements were performed by one radiologist using 3 in-house computer segmentation algorithms developed for lesions in lung, liver and lymph nodes. The results warrant further validation.
In summary, significant differences between lesion 1D, 2D and VOL measurements were found using different slice intervals, although the mean differences across the different slice intervals were generally low. 1D and 2D measurements were biased towards larger measurements with a thinner slice interval, whereas VOL measurements were biased towards larger measurements with a thicker slice interval. Across all 3 measurements, there was best agreement between the measurements made on 1.25 mm and 2.5 mm slice intervals, followed by 2.5 mm and 5 mm, and then 1.25 mm and 5 mm. With the VOL measurements, there was a larger average difference between measurements on different slice intervals for the small lesions (510 mm) compared with the larger lesions (!10 mm). We therefore suggest that the same imaging acquisition parameters be used to follow up the same patients lesion changes during the course of therapy.
